Diverse CRISPR-Cas immune systems protect archaea and bacteria from viruses and other mobile genetic elements. All CRISPR-Cas systems ultimately function by sequence-specific destruction of invading complementary nucleic acids. However, each CRISPR system uses compositionally distinct crRNP [CRISPR (cr) RNA/Cas protein] immune effector complexes to recognize and destroy invasive nucleic acids by unique molecular mechanisms. Previously, we found that Type I-A (Csa) effector crRNPs from Pyrococcus furiosus function in vivo to eliminate invader DNA. Here, we reconstituted functional Type I-A effector crRNPs in vitro with recombinant Csa proteins and synthetic crRNA and characterized properties of crRNP assembly, target DNA recognition and cleavage. Six proteins (Csa 4-1, Cas3″, Cas3′, Cas5a, Csa2, Csa5) are essential for selective target DNA binding and cleavage. Native gel shift analysis and UV-induced RNA-protein crosslinking demonstrate that Cas5a and Csa2 directly interact with crRNA 5′ tag and guide sequences, respectively. Mutational analysis revealed that Cas3″ is the effector nuclease of the complex. Together, our results indicate that DNA cleavage by Type I-A crRNPs requires crRNA-guided and protospacer adjacent motif-dependent target DNA binding to unwind double-stranded DNA and expose single strands for progressive ATP-dependent 3′-5′ cleavage catalyzed by integral Cas3′ helicase and Cas3″ nuclease crRNP components.
Introduction
Many archaea and bacteria harbor RNA-based, CRISPR-Cas (Clustered regularly interspaced short palindromic repeats-CRISPR-associated) adaptive immune systems that provide the organisms with protection against viruses and other invasive mobile genetic elements (Barrangou et al. 2007 ). These immune systems heritably acquire short (30-40 bp) DNA fragments from the invader DNA (called protospacers) and integrate them (as spacer DNAs) into the CRISPR loci of the prokaryotic host genome. CRISPR loci are transcribed to generate precursor CRISPR transcripts. These transcripts are processed to mature CRISPR RNAs (crRNAs). Each mature cRNA contains invader-derived guide sequences flanked by 5′ and/or 3′ CRISPR repeat-derived short sequences (known as 5′ and/or 3′ tag elements). Mature crRNAs associate with Cas proteins to form crRNA/Cas protein immune effector complexes (crRNPs) that degrade complementary invader DNA or RNA (depending on the type of CRISPR-Cas system) in a sequence-specific manner (Hille et al. 2018; Jackson and Wiedenheft 2015; Makarova et al. 2015; Terns and Terns 2011) .
Type I CRISPR-Cas systems are the most abundant and widespread among the numerous, identified Types I-VI CRISPR-Cas systems (Haft et al. 2005; Makarova et al. 2015; Vestergaard et al. 2014) . Type I systems share similarities in Cas protein composition, crRNP structure and mechanism of DNA destruction (Makarova et al. 2011) .
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Typically, Type I immune effector crRNPs contain members of Cas5, Cas7, Cas8 (large subunit) and Cas 11 (small subunit) superfamily proteins (Brendel et al. 2014; Brouns et al. 2008; Hochstrasser et al. 2016; Jackson et al. 2014; Lintner et al. 2011b; Majumdar et al. 2015 Majumdar et al. , 2016 Mulepati et al. 2014; Nam et al. 2012; Plagens et al. 2012; van Duijn et al. 2012; Vestergaard et al. 2014; Wiedenheft et al. 2011; Zhao et al. 2014) . However, considerable variability among the protein subunits of Type I effector crRNPs has contributed to partition of Type I CRISPR-Cas systems into several, discrete Type I subtypes: I-A (Csa), I-B (Csh), I-C (Csd), I-D (not applicable), I-E (Cse), I-F (Csy), I-G (Cst) and I-U (unclassified) (Type nomenclature is based on (Makarova et al. 2011 (Makarova et al. , 2015 and three letter designations by Haft et al. (2005) and Vestergaard et al. (2014) .
Cas3 superfamily proteins are key defining proteins of Type I systems. Diverse Cas3 proteins share conserved DExH helicase and HD nuclease domains and act as effector nucleases by catalyzing invader DNA cleavage (Brouns et al. 2008; Cady and O'Toole 2011; Huo et al. 2014; Majumdar et al. 2016; Mulepati and Bailey 2013; Plagens et al. 2014; Sinkunas et al. 2013; Westra et al. 2012) . Type I-A (Csa) systems (the focus of this study) are unique in that the nuclease and helicase functions are encoded in two separate polypeptides: Cas 3″ (HD nuclease) and Cas3′ (DExH helicase) (Haft et al. 2005; Makarova et al. 2011) . Moreover, Cas3″ and Cas3′ are structural components of Type I-A effector crRNP complexes (Majumdar et al. 2015; Plagens et al. 2012 Plagens et al. , 2014 , whereas other Type I crRNPs recruit Cas3 in trans, following DNA recognition and binding (Cady and O'Toole 2011; Mulepati and Bailey 2013; Sinkunas et al. 2013; Xiao et al. 2017 Xiao et al. , 2018 . Type I-A systems are also highly restricted to archaeal lineages, with exceptionally rare occurrences of bacterial I-A systems reported thus far (Makarova et al. 2011 (Makarova et al. , 2015 .
All characterized Type I crRNPs recognize and degrade double-stranded DNA targets (in contrast, some CRISPRCas systems recognize and destroy invader RNA [e.g., Type VI (O'Connell 2018)] instead of, or in addition to, DNA [e.g., Type III (Elmore et al. 2015; Estrella et al. 2016; Kazlauskiene et al. 2016) ]. For Type I systems, selective binding of target DNAs that are complementary to the crRNA first requires Cas protein-mediated recognition of a short DNA motif (typically 3-5 bases) on the invader DNA called PAM (Protospacer adjacent motif) (Deveau et al. 2008; Hayes et al. 2016; Mojica et al. 2009; Pausch et al. 2017; Rollins et al. 2015; Shah et al. 2013; Wang et al. 2015) . Following PAM recognition, Type I crRNPs bind double-stranded DNA targets through base-pairing of crRNA-guide with complementary protospacer sequences of target DNA strand. This leads to R-loop formation and displacement of the non-target DNA strand (Hayes et al. 2016; Sinkunas et al. 2013; Szczelkun et al. 2014; Xiao et al. 2018) . Ultimately, Cas3 effector proteins utilize their helicase (DNA unwinding) and DNase activities to progressively nick and destroy target DNAs that are bound by Type I effector crRNPs. However, mechanistic details differ for distinct Type I subtypes (Hochstrasser et al. 2014; Huo et al. 2014; Jiang and Doudna 2015; Jiang et al. 2016; Mulepati and Bailey 2013; Mulepati et al. 2014; Westra et al. 2012) .
The hyperthermophilic euryarchaeon, Pyrococcus furiosus (Pfu), has seven CRISPR loci that collectively expressed 200 crRNA species (Terns and Terns 2013) . The twentyseven Pfu cas genes are primarily arranged in two gene clusters and encode Cas proteins for: DNA acquisition at CRISPR loci [Cas1, Cas2, Cas4-1, Cas4-2 (Shiimori et al. 2017 ], crRNA biogenesis [Cas6 (Carte et al. 2008 (Carte et al. , 2010 ] and three immune effector crRNPs [Type I-A (Csa), Type I-G (Cst) and Type III-B (Cmr)] Fig. 1a , (Terns and Terns 2013) . We have previously identified three distinct native Pfu crRNPs, each comprising either Csa, Cst or Cmr Cas proteins in association with crRNAs from all seven Pfu CRISR loci (Hale et al. 2012; Majumdar et al. 2015) . Each of the three co-existing effector crRNPs was demonstrated to function independently in plasmid silencing in vivo (Elmore et al. 2015 (Elmore et al. , 2016 . Moreover, we elucidated the structural organization of Type III-B (Cmr) crRNPs (Spilman et al. 2013 ) and investigated molecular mechanism of crRNAguided target RNA cleavage (Hale et al. 2009 (Hale et al. , 2012 (Hale et al. , 2014 as well as crRNA-and transcript-dependent DNA cleavage by the Cmr system (Elmore et al. 2016) . Furthermore, we successfully reconstituted active Type I-G (Cst) crRNPs and elucidated important details regarding how the crRNPs assemble and execute DNA recognition and destruction in vitro (Majumdar et al. 2016) .
In this study, we have characterized Type I-A (Csa) crRNP assembly and function by reconstituting active complexes from recombinant Pfu Csa Cas proteins and synthetic crRNA. The Type I-A crRNP binds and cleaves double-stranded DNA that contains a PAM (5′-NGG-3′ on target strand), in a crRNA-guided manner. We observed that six Csa proteins, Csa4-2, Cas3″, Cas3′, Cas5a, Csa2 and Csa5 (Fig. 1a) , are essential minimal protein components of functional Type I-A crRNPs. We have delineated some key molecular features of crRNAs, including the CRISPR repeat-derived, 8-nt 5′ tag sequence and 5′ hydroxyl end group, in Type I-A crRNP assembly. Consistent with findings in other Type I systems, Cas3″ (with conserved HD active site) is the effector nuclease of the Type I-A crRNP that cleaves bound DNA. Based on the analysis of target DNA cleavage profiles, we propose a mechanistic model of invader DNA destruction by the Type I-A crRNP.
Materials and methods

Expression and purification of recombinant Csa proteins
The genes encoding N-terminal 6 × histidine-tagged Pfu Csa Cas proteins were subcloned into either pET24 (Cas3″, Cas5a, Csa2 and Csa5) or pET200 (Csa4-1, Cas3′ and Csa3) expression vectors. Genes encoding a C-terminal 6x histidine-tagged Csa4-2 protein (without stop codon) and untagged Cas3″ and Csa4-1 proteins (with stop codon) were subcloned into a pET101 expression vector. All plasmids were transformed into an E. coli BL21 RIPL strain. Proteins were expressed and purified as described (Majumdar et al. 2016) . Briefly, 4 L Luria broth cultures were grown under antibiotic selection to an OD 600 of 0.4-0.6 at 37 °C and induced with 1 mM IPTG at room temperature overnight. Cells were resuspended in buffer A (25 mM Tris pH 7.6, 250 mM NaCl) supplemented with 10 mM imidazole and 0.1 mM phenylmethylsulfonyl fluoride (PMSF) and lysed by sonication (Misonix Sonicator 3000). The lysed cells were incubated at 70 °C for 30 min with frequent mixing, centrifuged at 14,000 rpm at 4 °C and the soluble fraction was filtered (0.8 µm filter pore size Millex filter unit, Millipore). His-tagged proteins were purified by Ni 2+ affinity column chromatography, washed with buffer A and 25 mM imidazole, and eluted with buffer A at increasing concentrations (50, 100, 200, 500 mM) of imidazole. Peak elution fractions were dialyzed in buffer A to remove imidazole using Slidea-lyzer mini dialysis cassettes (Thermo Fisher), quantified with Qubit 2.0 flurometer (Life Technologies) and stored at 4 °C, prior to use for functional assays. Genes encoding the crRNA biogenesis protein (cas6, gray), predicted CRISPR DNA integration proteins (cas1, cas2 and cas4, gray) and three effector modules: Type I-A (csa, green and boxed), Type I-G (cst, yellow) and Type III-B (cmr, blue) are shown. The annotated superfamily designation (e.g., cas5, cas7, cas8) is denoted below each gene name. b Schematic of double-stranded DNA substrate used in the assay. Wildtype PAM (blue), protospacer (red), target strand (complementary to crRNA guide) or non-target strand of DNA, 5′ tag (black) and guide (red) of crRNA are labeled. Denaturing PAGE demonstrating cleavage (asterisk) of double-stranded DNA in the absence (-) or presence of Csa crRNP (+) (assembled with six Csa proteins (Csa4-1, Cas3″, Cas3′, Cas5a, Csa2, Csa5) and crRNA). Top label indicates location of 5′ radiolabeling ( 32 P) in either the target strand or non-target strand of double-stranded DNA. 5′ radiolabeled ( 32 P) DNA size-standard (Affymetrix, 10-100 bases) is labeled (M) Preparation of RNA and DNA substrates Synthetic RNA and DNA oligo sequences are listed in Table S1 . 7.01 crRNAs (wild-type 5′ tag and mutant tag) were previously described (Hale et al. 2009 (Hale et al. , 2012 Majumdar et al. 2016) . crRNAs were 3′ radiolabeled (Figs. 7 and S4) with T4 RNA ligase (New England Biolabs) and [α-32 P] pCp (3000 Ci/mmol, Perkin Elmer) as previously described (Carte et al. 2008 (Carte et al. , 2010 . Internally labeled 7.01 crRNA was prepared (Fig. 8) by in vitro T7 transcription of repeatspacer unit with [α- 32 P]-GTP (800 Ci/mmol, 10 mCi/mL, Perkin Elmer) followed by Cas6 digestion as described (Spilman et al. 2013) . DNA (MWG, Eurofins) and RNA oligos (Integrated DNA Technologies) were 5′ radiolabeled with T4 polynucleotide kinase (PNK) and [γ- 32 P] ATP as described (Carte et al. 2008) . Radiolabeled double-stranded DNA (Table S2 ) were made as previously described (Majumdar et al. 2016) . Briefly, complementary single-stranded DNA was annealed at a molar ratio of 2:1 of unlabeled to 5′ radiolabeled ( 32 P) in 10 mM Tris (pH 7.5-8.0), 50 mM NaCl, 1 mM EDTA, and incubated at 95 °C for 5 min followed by slow cooling until 23 °C (at the rate of 1 °C per minute). Annealing was confirmed by 8% non-denaturing 0.5 × TBE polyacrylamide gel electrophoresis. Double-stranded DNA substrates were gel purified, extracted with PCI (phenol/ chloroform/isoamyl alcohol) (pH 8.0), ethanol precipitated, resuspended in buffer A and stored at − 20 °C for future use in functional assays.
Type I-A crRNP reconstitution assays
Csa crRNP complexes were reconstituted as follows: 1 µM of each recombinant Csa Cas protein was incubated with 0.05 pmol of ( 32 P) radiolabeled crRNA (Figs. 7 and S4) in buffer A (25 mM Tris, pH 7.6, 250 mM NaCl), 2 mM ATP, 1.5 mM MgCl 2 , 1 unit of SUPERase-In ribonuclease inhibitor (Applied Biosystems) and 1 µg of E. coli tRNA (nonspecific competitor) at 70 °C for 30 min. Reactions were mixed with loading dye (4% glycerol, 0.05% bromophenol blue and 0.05% xylene cyanol in 1 × TBE) and resolved on 6% native polyacrylamide gels (containing 0.5 × TBE and 8% glycerol) in 0.5 × TBE. The gel was run for 2 h at 110 V, dried and exposed on a phosphor-imaging screen.
DNA binding and cleavage assays
DNA binding and cleavage (Figs. 1, 2, 3, 4, 5, 6 and S1, S2, S3) were assayed as previously described (Majumdar et al. 2016 ). The Type I-A crRNP complex was reconstituted as mentioned above except with 0.5 pmol of unlabeled crRNA and incubated at 70 °C for 30 min. 0.02-0.05 pmol of 32 P radiolabeled DNA substrate and 100 µM NiCl 2 were added and incubated at 70 °C for 3 h. To visualize DNA binding (Figs. 2b, 3c, 4c, 5b and S3) , half reactions were mixed with loading dye (4% glycerol, 0.05% bromophenol blue and 0.05% xylene cyanol in 1 × TBE) and separated on 6% native polyacrylamide gels (containing 0.5 × TBE and 8% glycerol) in 0.5 × TBE for 2 h at 110 V. For assaying DNA cleavage, the remaining half reactions were treated with 1 µg of Proteinase K (New England Biolabs) at 37 °C for 15 min followed by PCI extraction (pH 8) and ethanol precipitation and resolved on 15% denaturing (7 M urea) polyacrylamide sequencing or mini gels. Gels were dried and exposed to phosphor-imaging screens. 5′ ( 32 P) radiolabeled lowmolecular weight single-stranded DNA markers (10-100 bases, Affymetrix) were used to determine the sizes of the observed cleavage products.
Site-directed mutagenesis
To generate the HD-AA mutant of Cas3″, QuikChange site-directed mutagenesis was performed as per manufacture's guidelines (Agilent Technologies). Primers (from MWG Eurofins) are listed in Table S1 . Briefly, the mutants were generated by PCR amplification of wild-type cas3″ (pET24) plasmid followed by DpnI digestion and transformation into an E. coli BL21 RIPL strain. The mutation was confirmed by DNA sequencing. The mutant protein was expressed and purified alongside wild-type Cas3″ (Fig. 3a) .
RNA-protein UV crosslinking
crRNA-Csa protein covalent crosslinking was achieved using photoactivable 4-thiouridine and ( 32 P) internally labeled crRNAs as previously described (Majumdar et al. 2016) . Briefly, Type I-A crRNP reconstitution reactions were doubled relative to standard crRNP assembly reaction described above and RNasin was omitted. A quarter reaction was assessed for crRNA binding by native gel electrophoresis (Fig. S4b) . The remaining reactions were irradiated with 312 nm UV light and the complexes disrupted by addition of 1% SDS treatment and boiling for 10 min, followed by RNase treatment at 37 °C for 1 h. Reactions containing the radiolabeled crRNA and 8 nt 5′ tag-RNA were treated with RNase T1 (1000 U, Thermo Fisher) and guide RNA was treated with RNase A (10 µg, Thermo Fisher). The samples were separated on 12.5% SDS-polyacrylamide gels, visualized by G-250 Coomassie staining, dried, and subjected to phosphor imaging and autoradiography to allow for alignment of protein bands with autoradiographs (Fig. 8) .
Protein-protein interaction
1 L culture of N-terminal, 6 × -His-tagged Cas3′ and 500 ml cultures each of untagged Csa4-1, Cas3″ were cultured and induced with IPTG overnight as described above. 2:1:1 cultures of Cas3′, Cas3″ and Csa4-1 and 2:1 cultures of Cas3′ and Cas3″ were mixed and the cells were lysed and purified as mentioned before. The samples were affinity purified with Ni-NTA column (Qiagen), eluted with buffer A at increasing concentrations (50, 100, 200, 500 mM) of imidazole and elutions were separated on 12.5% SDS-polyacrylamide gel followed by staining with Coomassie (R-250) staining. The peak elutions are shown (Fig. S5a) . The Cas3′ + Cas3″ subcomplex was further purified by gel filtration (Superdex 200, GE Healthcare, provided by Hong Li, Florida State University) (Fig. S5b) . 
Results
Reconstituted Pfu Type I-A crRNPs cleave double-stranded DNA Previously, we found that Type I-A (Csa) crRNPs eliminated plasmid DNA in vivo provided that the target DNA contained protospacer sequences complementary to a native crRNA and was immediately flanked by a PAM element (primary consensus: 5′-NGG/CCN-3′) (Elmore et al. 2015) . To gain a more detailed understanding of the molecular mechanism of crRNP assembly and target DNA destruction, we sought to reconstitute a functional Type I-A effector crRNP by combining synthetic crRNA and recombinant Csa Cas proteins Csa4-1 and Csa4-2, Cas3″ (predicted HD nuclease), Cas3′ (predicted DExH helicase), Cas5a, Csa2, Csa5 and Csa3 CARF (Cas Rossmann fold) superfamily protein related to Csx1 (Makarova et al. 2014 ) and putative transcriptional regulator (He et al. 2016; Lintner et al. 2011a; Makarova et al. 2014) (Figs. 1a, S1a ). We used a 45 nt crRNA composed of an 8-nt (AUU GAA AG) CRISPR repeat-derived, 5′ tag (black) and entire, 37 nt 7.01 guide sequence (first spacer of CRISPR locus 7, red) (Fig. 1b,  schematic) . The 7.01 crRNA was previously identified in native Type I-A crRNP complexes (Majumdar et al. 2015) and shown to be capable of guiding function of the Type I-A system in vivo (Elmore et al. 2015) . To test for cleavage activity of the reconstituted Type I-A crRNP, we used a double-stranded DNA substrate with 7.01 protospacer (red) sequence, wild-type PAM (5′-GGG/CCC-3′, blue) and random flanking sequences (gray) (Fig. 1b, schematic) . The reconstituted Type I-A crRNP cleaved the double-stranded DNA substrate at both the target DNA strand (complementary to crRNA guide) and non-target DNA strand (Fig. 1b) .
Six Csa Cas proteins are essential components of functional Type I-A crRNPs
To determine the minimal Cas protein components essential for DNA cleavage, we systematically excluded one Csa protein at a time from the reaction established to assemble functional Type I-A crRNPs (Fig. 2) . We observed that Csa4-2 (one of two Csa4 proteins) and Csa3 [a predicted transcription factor regulating the system (Lintner et al. 2011a )] were dispensable for DNA cleavage activity in vitro (Fig. S1b) . In contrast, excluding any one of the six Csa proteins (Csa 4-1, Cas3″, Cas3′ Cas5a, Csa2, Csa5) abolished cleavage of both non-target and target strand of double-stranded DNA (Fig. 2a) . The six Csa Cas proteins that form the catalytically active crRNP also bound target DNA as assayed by native gel electrophoretic mobility shift analysis (Fig. 2b) . In the absence of any of these six Csa Cas proteins, DNA binding was either greatly reduced (without Cas3″ or Cas3′) or completely abolished (without Csa4-1, Cas5a, Csa2 and Csa5). Furthermore, in the absence of crRNA, all six Csa proteins did not bind or cleave target DNA. Therefore, a crRNA and six Pfu Csa proteins (Csa 4-1, Cas3″, Cas3′ Cas5a, Csa2, Csa5) are essential components of the catalytically active, DNA-cleaving Type I-A effector crRNP. Subsequently, the additional assays described in this study (except Fig. S1b) were performed with crRNPs reconstituted with six Csa proteins and a 45 nt 7.01 synthetic crRNA.
Cas3″ is the Type I-A effector nuclease
Unlike other characterized Type I systems, where nuclease and helicase domains are fused in a single Cas3, Type I-A has two Cas3 proteins. Cas3″ contains the predicted nuclease (HD) domain and Cas3′ contains the (DExH) helicase domain (Haft et al. 2005) . Another distinction of Type I-A systems is that Cas3″ and Cas3′ proteins are integral structural components and not recruited in trans (Fig. 2 and Majumdar et al. 2015; Peng et al. 2013; Plagens et al. 2012) . However, similar to Cas3 proteins of other Type I systems and consistent with biochemical properties of Cas3″ (Beloglazova et al. 2011; Plagens et al. 2014) , site-directed mutagenesis of histidine and aspartate (H60, D61) of Cas3″ to alanines (Fig. 3a) resulted in loss of DNA cleavage by the reconstituted Type I-A crRNP (Fig. 3b) without affecting DNA binding (Fig. 3c) .
DNA recognition and cleavage require a functional PAM
Our previous in vivo study highlighted the PAM requirements for plasmid silencing by Type I-A system in Pfu (Elmore et al. 2015) . To determine whether the same principles govern target DNA binding and cleavage by reconstituted Type I-A crRNP, we mutated a functional PAM associated with Type I-A system (wt. G-C PAM; 5′-GGG-3′ on target strand and 5′-CCC-3′ on the non-target strand) to a mutant variant (C-G PAM; 5′-CCC-3′ on target strand and 5′-GGG-3′ on the non-target strand) (Fig. 4a) . The reconstituted Type I-A crRNP only bound and cleaved DNA with wild-type PAM (WT, G-C PAM) but not mutated PAM (C-G PAM) (Figs. 4b, c) . Moreover, the Type I-A crRNP did not bind or cleave DNA when the protospacer sequences were mutated such that it lacked complementarity with the 7.01 crRNA guide (data not shown). Furthermore, Csa crRNP complex did not cleave (single-stranded or doublestranded) RNA targets (Fig. S2a) . The results indicate that the Type I-A crRNP selectively binds and cleaves DNA that contains a functional PAM and protospacer sequence that is complementary to crRNA.
Type I-A crRNPs recognize double-stranded PAM on DNA targets
To probe whether the Type I-A crRNP recognizes the PAM in single-stranded or double-stranded form, we tested DNAs with hybrid PAMs (changing wild-type G-C PAMs to either a C-C PAM or a G-G PAM, Fig. 5a ). We mutated one strand of the PAM (target strand in C-C (green) and non-target strand in G-G (green) (Sternberg et al.) and did not make compensatory mutations in the other strand leaving a region of non-complementarity. Csa crRNPs exhibited weak binding to DNA with single-stranded 5′-GGG-3′ PAM on target strand with reduced efficiency (G-C versus G-G PAM) (Fig. 5b ) but failed to cleave the DNA (Fig. 5c) . DNA with single-stranded 5′-CCC-3′ PAM on the non-target strand (C-C) was neither bound nor cleaved by Csa complex (C-C Figs. 5b, c) . These results suggest that the Type I-A crRNP recognizes a double-stranded PAM entity for efficient DNA binding and cleavage.
Type I-A crRNP cleaves at multiple sites on target and non-target strands of DNA
We next carried out experiments aimed at gaining a more detailed understanding of how the Type I-A crRNP cleaves target DNA. Given that the Cas3′ subunit of the Type I-A crRNP is a predicted ATP-dependent helicase that likely influences the nuclease activity of the Cas3″ effector DNAse, we tested the effect of ATP on target DNA cleavage by the Type I-A crRNP (Fig. 6a) . In the presence of ATP, DNA cleavages were observed at both the target and non-target strands of the DNA substrate (Fig. 6a-c) . In contrast, in the absence of ATP, DNA cleavage was restricted to the non-target DNA strand and mapped to a few sites clustered centrally in the protospacer region predicted to become displaced during R-loop formation (Fig. 6a, c ; ATP-independent cleavage 
10-100 bases) is labeled (M)
. c Major (long black arrows) and minor (short gray arrows) cleavage products (in a and b) mapped to target and non-target strand sequences of double-stranded DNA substrates (I and II) tested in b. Protospacer (red, labeled), PAM (blue, labeled) and flanking (gray) sequences are indicated. Numbers correspond to size of cleavage products (counting from 5′ end of each strand). ATPindependent cleavages (on non-target strand) are denoted (asterisks and bracket) and labeled (in a and c) sites are indicated by brackets). The Type I-A crRNP bound substrate DNA with similar efficiency with or without ATP (Fig. S3) .
We compared ATP-dependent DNA cleavage patterns Type I-A crRNP-mediated for two different sized doublestranded DNA substrates (Figs. 6b, c) . Substrate I is 67 bp Reactions were incubated with either 2 or 6 Csa proteins (same as Fig. 7b, c) . The schematic above each panel indicates 32 P and 4-thiouridine-labeled crRNAs used in each experiment (5′ tag sequence (black), guide sequence (orange) and radiolabeled regions (asterisks) 1 3 in length while substrate II is 117 bp long. Both substrate DNAs contain the same PAM and protospacer but have varying 5′ and 3′ flanking sequences. For both DNA substrates, ATP-dependent cleavages on the non-target strand mapped approximately to the middle of the protospacer sequences (red sequences) as well as at sites upstream of the protospacer (Fig. 6b, c) . Likewise, target strand cleavages mapped to sites within or upstream of the protospacer (Fig. 6b, c) . Additionally, the cleavages map to different sequences in the protospacer region of substrates I and II, although they contain the same protospacer sequence. This indicates that the Cas3″-mediated cleavages are not sequence specific and are influenced by sequences flanking the protospacer, at least in vitro. Collectively, the DNA cleavage profiles indicate that initial cleavages occur within the protospacer and progress in a 3′-5′ direction for each DNA strand.
Csa proteins essential for crRNP formation
To understand the protein requirements for Type I-A crRNP assembly, we tested the ability of various combinations of Csa proteins to interact with 3′ radiolabeled crRNA using a native gel mobility shift approach (Fig. 7a) . Stable, low mobility crRNPs were observed with the same six Csa Cas proteins that were required for DNA binding and cleavage (Fig. 2) . While none of the individual Csa proteins bound crRNA, a minimal crRNP core subcomplex was formed with Cas5a and Csa2 (Fig. S4a) . Low mobility crRNP complexes were also observed in the absence of either Csa 4-1, Cas3″, Cas3′, or Csa5, indicating the formation of specific crRNACsa protein subcomplexes. The low mobility crRNP complexes did not form if either Cas5a or Csa2 was omitted indicating that the Cas5a and Csa2 proteins are key core components for assembly of intact and functional Type I-A crRNPs (Fig. 7a) .
The crRNA 5′ tag and 5′ OH are required for Type I-A crRNP assembly Next, we examined features of the crRNA required for Type I-A crRNP assembly. During crRNA biogenesis in Pfu, Cas6 cleavage generates mature crRNAs with 5′ termini with an 8-nt CRISPR repeat-derived tag sequence (AUU GAA AG) and a 5′ hydroxyl (OH) end group (Carte et al. 2008 (Carte et al. , 2010 . Previously, we found that the 5′ tag element and 5′ OH of crRNAs were both essential features for assembly of Type III-B (Cmr) and Type I-G (Cst) crRNPs in vitro (Hale et al. 2012; Majumdar et al. 2016) . Similarly, we observed that the functional Type I-A crRNP (formed with six Csa proteins and capable of cleaving target DNA) as well as the minimal core crRNP subcomplex (formed with Cas5a and Csa2 but incapable of DNA cleavage) required that the crRNA contains a wild-type 5′ tag sequence (Fig. 7b ) and 5′ OH (Fig. 7c) . Altering the 3′ end chemical groups of crRNAs (from hydroxyl to phosphate) did not affect formation of either the core Cas5/Cas7 crRNP subcomplex or functional Type I-A crRNPs (Fig. 7c) . Therefore, the Cas6-generated, 5′ tag sequence and 5′-OH of the crRNA are critical features for Type I-A crRNP formation.
Cas5a and Csa2 directly interact with 5′ tag and guide sequences of crRNA, respectively
To determine which proteins in Type I-A crRNP complex make direct contacts with crRNA, we performed UVinduced crosslinking of crRNPs assembled with Csa proteins, and internally radiolabeled and 4-thiouridine-containing crRNA (Fig. 8) . This approach enables detection of proteins that interact directly with crRNA since UV light covalently crosslinks the 32 P-labeled crRNA to the interacting protein(s) which are detected by autoradiography following RNase digestion and SDS-PAGE (Hale et al. 2014; Majumdar et al. 2016) . SDS-PAGE and Coomassie Blue (G250) staining was performed to verify the presence of each protein in the UV crosslinking reactions. To visualize interactions at specific crRNA regions (5′ tag or guide), we selectively ( 32 P) radiolabeled the desired region and examined whether the tested proteins became radiolabeled after UV light-induced crRNA-protein crosslinking.
We found that Cas5a, Csa2, and Csa4-1 proteins directly contact crRNA but that Cas3″, Cas3′ or Csa5 do not under the experimental conditions tested (Fig. 8 ). Cas5a interacts with the 5′ tag and Csa2 and Csa4-1 interact with the guide region of crRNA. Native gel mobility shift assays confirmed that the Cas5a/Csa2 minimal core crRNP as well as the full crRNP (formed by Csa4-1, Cas3″, Cas3′, Cas5a, Csa2 and Csa5 proteins) were formed under the conditions used for RNA-protein UV crosslinking (Fig. S4b) .
Discussion
Three significant features distinguish Type I-A (Csa) crRNPs from the many other Type I (I-B, I-C, I-D, I-E, I-F, I-G and I-U) crRNPs (Makarova et al. 2015) . First, Type I-A CRISPR systems are highly enriched in archaeal organisms, whereas other Type I CRISPR systems are present in both archaea and bacteria (Makarova et al. 2011 (Makarova et al. , 2015 . Second, while all Type I systems apparently utilize Cas3 single-stranded DNA nucleases and helicase (DNA unwinding) activities for crRNA-guided target DNA destruction, Type I-A systems employ two polypeptides (with separate nuclease (Cas3″) and a helicase (Cas3′) activities), whereas other Type I systems rely on a single Cas3 protein with nuclease and helicase domains. Third, as we show here for Pyrococcus furiousus (Fig. 2 and Majumdar et al. 2015) and as was previously observed in Sulfolobus islandicus (Peng et al. 2013) and Thermoproteus tenax (Plagens et al. 2012 (Plagens et al. , 2014 , the Cas3′ and Cas3″ polypeptides of differing Type I-A systems are integral structural components of the effector crRNPs that target destruction of invader DNA. In contrast, the single Cas3 subunit of other systems acts in trans with the effector crRNP and only becomes recruited and activated for function upon crRNP-target DNA interaction and crRNA-induced R-loop formation of the target DNA (Elmore et al. 2015; Hayes et al. 2016; Jackson et al. 2014; Mulepati et al. 2014; van Erp et al. 2015 van Erp et al. , 2018 Wang et al. 2016; Xiao et al. 2018; Zhao et al. 2014) . In this study, we reconstituted functional Pfu Type I-A crRNPs that cleave double-stranded DNA targets in a PAM (5′-GGG/CCN-3′) and crRNA-dependent manner (Figs. 4, 5) . Furthermore, we delineated key crRNA and Cas protein features contributing to Type I-A crRNP assembly and target DNA recognition and cleavage (Figs. 2, 7, 8) .
Assembly and architecture of Type I-A crRNPs
We found that six of the eight total Csa proteins encoded at the Pfu Cas protein locus 2 (Fig. 1a) , together with a crRNA, were essential for in vitro reconstitution of Type I-A crRNPs capable of specific target DNA recognition and cleavage (Fig. 2, S1b ). These proteins include: Csa4-1 (large subunit, Cas8a2 superfamily member), Cas3″ (nuclease), Cas3′ (helicase), Cas5a (Cas5 superfamily member), Csa2 (Cas7 superfamily member) and Csa5 (small subunit, Cas11 superfamily member). [Superfamily Cas nomenclature is according to (Makarova et al. 2015 #136) ]. All six Csa proteins found to be required for in vitro activity were also identified as components of the isolated, native Pfu Type I-A crRNPs (Majumdar et al. 2015) . While Pfu native complexes contained both Csa4-1 and Csa4-2 (related Cas8a2 proteins), only the Csa4-1 protein was found to be necessary for in vitro activity (Figs. 2, S1b) . Typically, Type I-A systems encode just one Csa4 (Cas8a2) subunit and it is unclear if the second Pfu Csa4 protein (Csa4-2) normally plays redundant or distinct roles in the cell or if Csa4-2 is non-functional as suggested by our in vitro results where it could not compensate for loss of Csa4-1 function (data not shown). The Csa3 protein was neither found in native Pfu Type I-A crRNPs (Majumdar et al. 2015) nor was this protein needed for in vitro activity (Fig. S1b) . Indeed, there is evidence that Csa3 functions instead to regulate csa gene expression in Sulfolobus (He et al. 2016) .
We propose a model for the overall subunit organization of the Pfu Type I-A crRNP (Fig. 9a) . This model is based on our specific findings from native gel electrophoresis, UVinduced crRNA-protein crosslinking, and protein-protein interaction analyses (Figs. 7, 8, S5) as well as from principles gained from previous structural studies revealing that the basic organization of protein subunits for diverse Type I and Type III crRNPs is similar (Jackson et al. 2014; Jackson and Wiedenheft 2015; Mulepati et al. 2014; Rouillon et al. 2013; Spilman et al. 2013; Staals et al. 2014; Xiao et al. 2018; Zhao et al. 2014 ). Similar to other Type I and Type III crRNPs, gel mobility shift analysis indicates that the structural core of the Type I-A crRNP is formed via interactions between Cas5a (Cas5), Csa2 (Cas7) and crRNA (Fig. 7) . UV crosslinking revealed that Cas5a (Cas5) directly contacts the crRNA 5′ tag and that Csa2 (Cas7) binds the guide portion of the crRNA (Fig. 8) . We show that the nucleotide identity of the 5′ tag and 5′ OH terminus of crRNA are each essential crRNA features for assembly of both the Cas5a/Csa2 core subcomplex as well as the complete (six protein) Type I-A crRNP (Fig. 7b, c) . Consistent with structures of Type I-C, Type I-E (Cse), Type III-A (Csm) and Type III-B (Cmr) systems (Hochstrasser et al. 2016; Jackson et al. 2014; Mulepati et al. 2014; Rouillon et al. 2013; Spilman et al. 2013; Staals et al. 2013; Wiedenheft et al. 2011; Xiao et al. 2018; Zhao et al. 2014) , we expect that multiple Csa2 (Cas7) proteins bind along length of crRNA guide and 5′ end is capped by binding of a single Cas5a (Cas5) to the repeat-derived 5′ tag (Fig. 9a) .
Regarding the relative positions of the other four Csa proteins in the context of the assembled Type I-A crRNP (Fig. 9a) , we anticipate that multiple Csa5 (Cas11) proteins join the complex through protein-protein interactions with Csa2 (Cas7) given that Cas11/Cas7 superfamily protein interactions are observed in other characterized Type I and III crRNPs (Jackson et al. 2014; Mulepati et al. 2014; Reeks et al. 2013; Spilman et al. 2013; Staals et al. 2013; Wiedenheft et al. 2011; Xiao et al. 2018; Zhao et al. 2014) . Our model places Cas4-1 (Cas8) in the vicinity where the 5′ end of the crRNA is located (Fig. 9 ) and our UV crosslinking data suggests that Cas4-1 directly contacts the guide RNA at this location (Fig. 8) . This positioning is in agreement with the location of other Cas8 orthologs for structurally characterized Type I crRNPs (Hochstrasser et al. 2014; Mulepati et al. 2014; Sashital et al. 2012; Xiao et al. 2018) . Finally, the spatial assignment for Cas3′' (HD nuclease) and Cas3′ (helicase) subunits is in part based on our observed protein-protein interactions between Cas3″, Cas3′ and Cas4-1 (Fig. S5) . Furthermore, our model accounts for positioning Cas3″ to the vicinity where initial (ATP-and helicaseindependent) cleavages of the non-target DNA strand were observed (Figs. 6, 9b) .
DNA binding and cleavage by Type I-A crRNPs
We have determined that the reconstituted Type I-A crRNPs function through PAM-and crRNA-dependent recognition of double-stranded target DNA (Fig. 4) , followed by Cas3″ (HD domain) nuclease-mediated, single-strand nicking of non-target and target DNA strands (Figs. 3c, S2b ). Based on our results (Figs. 2, 3 , 4, 5, 6), and those with distantly related Type I crRNPs, we propose a multi-step model to explain selective recognition and destruction of target DNA by the Type I-A crRNP (Fig. 9b, c, d ).
Because Cas3″ (and Cas3 orthologs of other Type I systems) cuts single-stranded DNA rather than double-stranded DNA (Fig. S2b, and Beloglazova et al. 2011; Huo et al. 2014; Sinkunas et al. 2011) , an important role of the Type I-A crRNP is to remodel double-stranded target DNA to expose single-strands for Cas3″-mediated cleavage (Fig. 9b) . This strand separation step is likely accomplished first by protein-mediated PAM identification mediated by Cas4-1 (Cas8). In other Type I systems, Cas8-PAM interactions trigger local DNA bending or unwinding that triggers crRNAguided, directional dsDNA unwinding and R-loop formation (Hayes et al. 2016; Hochstrasser et al. 2014; Szczelkun et al. 2014; Xiao et al. 2018) (Fig. 9b) . Full R-loop formation generates a crRNA-target DNA strand heteroduplex and an exposed single-stranded, non-target DNA strand that Cas3″ specifically recognizes for initial endonucleolytic cleavage (Fig. 9b) .
Our PAM mutational analyses and crRNP/DNA-binding analyses (Fig. 5) suggests a preferential binding of the target strand PAM (5′-GGG'-3′) over non-target strand PAM (5-CCC-3′). However, cleavage activity of the Type I-A crRNP required that the correct sequences be present on both strands of the PAM. These observations are consistent with insights from high-resolution structures of various Type I-E and I-F systems that reveal Cas8 proteins preferentially recognize PAMs in a double-stranded form through major and minor groove interactions (Hayes et al. 2016; Hochstrasser et al. 2014; Huo et al. 2014; Rollins et al. 2015) . Other Type I systems rely more heavily of single-stranded (either target or non-target) recognition of PAMs, highlighting variability in mechanism of Cas8/PAM DNA recognition for different Type I crRNPs (Majumdar et al. 2016; Xiao et al. 2017) .
We have gained insight into how Cas3″ destroys target DNA following Type I-A crRNP binding. As is the case for other Type I crRNPs which recruit Cas3 nucleases in trans (Hochstrasser et al. 2016; Szczelkun et al. 2014; van Erp et al. 2018; Xiao et al. 2018 ), we find a strict requirement for PAM recognition and crRNA annealing (R-loop formation) for the activity of Cas3″/Cas3′ DNase-helicase subunits that are integral components of Type I-A crRNPs. This suggests that Type I-A crRNP/DNA interactions and R-loop formation trigger conformational changes that selectively activate the crRNP-associated, Cas3″ nuclease and Cas3′ helicase subunits (Fig. 9b, c) . Through mapping DNA cleavages in the absence and presence of ATP (Fig. 6) , we view it likely that we have captured information about how Cas3″ cleaves DNA substrates in the absence or presence of contributions from the ATP-dependent Cas3′ helicase partner protein, respectively. Accordingly, in the absence of helicase activity (ATP omission) and likely reflecting the normal initial event, Cas3″ activity becomes constrained such that it carries out endonucleolytic nicks at a couple of closely spaced sites within a centrally located region of the exposed non-target DNA strand of the R-loop structure within the protospacer (Fig. 9b) . In contrast, the number and locations of Cas3″-generated cleavages greatly expand when ATP is added to the reaction likely because the Cas3′ helicase activity is fueled by ATP to catalyze progressive 3′-5′ dsDNA unwinding (Fig. 9c, d) . As the non-target DNA strand becomes progressively destroyed by processive unwinding and exo and/or endonucleolytic cleavage by Cas3″, this in turn results in progressive unwinding and destruction of the target strand. The end result is that both non-target and target strands become cleaved and destruction of DNA occurs well beyond the borders of the crRNA/ protospacer DNA interaction (Fig. 9c, d) .
In summary, we have determined key crRNA features and essential Cas protein components governing assembly of functional Type I-A (Csa) crRNPs and gained important insight into the molecular mechanisms through which Type I-A crRNPs recognize and destroy DNA targets. Our findings provide the foundation for a deeper understanding of Type I-A crRNP DNA recognition and mechanism of action. Of particular value toward this goal would be to obtain highresolution structures of the reconstituted Type I-A crRNP in the presence and absence of bound target DNA. It will be particularly interesting to learn how the activities of the integral Cas3″ and Cas3′ effector nuclease and helicases of this Type I-A crRNP become controlled as the results of target DNA binding and to compare what is learned to that found for other Type I crRNP subtypes that recruit their Cas3 proteins in trans.
